Synthetic analogues of naturally occurring monazite (REPO4; RE = La to Gd) and xenotime (RE'PO4; RE' = Tb to Lu and Y) minerals have been identified as potential wasteforms for nuclear waste. High energy ion-implantation of crystalline materials simulates radiation-induced structural damage and allows for the radiation resistance of a crystal structure to be probed. The structural stability of Au -ion-implanted La1-xYbxPO4 materials was investigated using micro-Xray diffraction (µ-XRD) and glancing angle X-ray absorption near-edge spectroscopy (GA-XANES) in this study. The long-and short-range order of La1-xYbxPO4 (x = 0, 0.3, 0.7, 1.0) is affected by ion-implantation and, thus, the materials are prone to structural damage. The structures of some members of the La1-xYbxPO4 series (x = 0.7 and 1.0) were observed to partially recover after being implanted with Au -ions to a high dose. The structures of all members of the La1-xYbxPO4 series were observed to recover from damage resulting from ionimplantation after annealing the materials at temperatures ≥300°C.
Introduction
Single-and multi-phase crystalline ceramics that are resistant to radiation damage have been proposed as candidate materials for encapsulating radioactive waste [1] [2] [3] [4] . Monazite and xenotime are naturally occurring rare-earth phosphate minerals that are being considered as hostmatrices for nuclear waste because of the ability of these structures to contain actinide elements [5] [6] [7] . These mineral phases have been observed as solid solutions with one another in igneous and metamorphic rocks [8] . Both the monazite-and xenotime-type rare-earth phosphates possess the same general formula REPO4, where RE represents the rare-earth element. The rare-earth site in monazite and xenotime are occupied by lighter (La to Gd) or heavier rare-earths (Lu to Yb and Y), respectively [9] . Materials adopting the monazite-type structure crystallize in a monoclinic (space group -P21/n) unit cell while materials adopting the xenotime-type structure (YPO4) crystallize in a tetragonal (space group -I41/amd) unit cell ( Figure 1 ) [9] [10] [11] . In monazite (e.g., CePO4), the RE 3+ ion is bonded to nine oxygen atoms (REO9) in a non-symmetrical fashion (point group -Cs) whereas in xenotime (e.g., YPO4), the RE 3+ ion is coordinated to eight oxygen atoms (REO8) in a symmetrical fashion (point group -D2d) [9] [10] [11] [12] [13] . A more detailed description of the monazite and xenotime crystal structures can be found elsewhere [9] [10] [11] [12] [13] .
An actinide element incorporated in a crystalline ceramic can undergo a radioactive decay process during which it may (depending upon the decay process) transform into a new radionuclide by releasing a high-energy α-particle [14] . Because of this decay, the crystalline host matrix could experience structural damage either from the recoil energy associated with the daughter product radionuclide and/or from the highly energetic α-particle [14] . Therefore, an issue surrounding actinide containing crystalline ceramics is the tendency of these materials to undergo a radiation-induced crystalline to amorphous transition in a process called metamiction [4, 14, 15] . This process can have an adverse effect on the chemical durability of the wasteform (i.e., an increase in the leach rate of the sequestered elements) [5, 16] . This transition can also be accompanied by a swelling of the wasteform [4, 5, [14] [15] [16] [17] [18] [19] . Naturally occurring mineral samples of monazite and xenotime are known to contain significant amounts of UO2 and ThO2 [6, 20] .
Despite the presence of radioactive U and Th, the mineral monazite, in particular, has been observed to maintain its structural integrity over a geological timescale and it is because of this resistance to radiation-induced structural damage that monazite-type ceramics have been proposed as a solid-state repository for actinide elements [1, 21, 22] . On the other hand, the structural stability of the xenotime structure is not well-documented in the literature with the exception of a few studies [6, 16, 23] .
Numerous investigations on the structural stability of natural as well as synthetic monazite samples are reported in the literature [6, [24] [25] [26] [27] . The structural stability of synthetic monazite samples have been studied either by doping monazite ceramics with actinides (internal irradiation) or by simulating the long-term actinide storage by implantation of the material using high-energy ion beams (external irradiation) [6, [24] [25] [26] [27] . Since many actinides have a very long half-life, the structural stability of a crystalline wasteform is most often determined by ionimplantation [27] . Heavy ions (such as Au -, Kr + , and Ar + ) are generally used to simulate the effects of the daughter product on the crystal structure of a proposed wasteform [6, 21, 26, 27, 31] .
In an early study on the radiation resistance of the monazite structure, Karioris et al. showed the monazite structure to be unstable towards heavy ion-implantation; however, they also showed that the damaged monazite structure could be converted back to its original crystalline state after annealing the irradiated material to ~296°C for 20 hours [28] . In another study, Meldrum et al.
experimentally determined the critical amorphization temperature (Tc; i.e., the temperature above which the material does not undergo metamiction) of a variety of ion-implanted ternary monazite-and xenotime-type orthophosphates and found the monazite structure to have a lower
Tc than the xenotime structure [6] . This observation could suggest that the monazite structure is more resistant to radiation damage than the xenotime structure [6] . In a more recent study, Deschanels et al. performed thermal annealing experiments on Au -ion-implanted monazite ceramics and studied them using transmission electron microscopy (TEM) [27] . It was shown in this study that complete recrystallization of metamict monazite occurred after annealing the material to 300°C for 1 hour [27] . In addition to observing annealing-induced recrystallization, Deschanels et al. also observed the recrystallization of amorphous regions in damaged monazite samples under the influence of an electron beam [27] . A theoretical study of the radiation resistance of xenotime (YPO4) by Urusov et al. shed light on the ability of recoil atoms to bring about a cascade of atomic displacements in this structure [23] . Immediately after the creation of a cascade of atomic displacements, some of the displaced atoms returned to their original crystallographic positions which led to the partial recovery of the xenotime structure [23] .
The design of new crystalline wasteforms that are resistant to radiation damage requires a detailed understanding of the electronic structure of a material before and after exposure to radiation. In this context, the electronic structure can be studied using X-ray absorption nearedge spectroscopy (XANES) as it provides information on the local coordination environment, oxidation state, and bonding environment of the absorbing atom [32] . In a previous study, the authors of the present study investigated the electronic structure of three series of monazitexenotime solid solutions (La1-xYbxPO4, La1-xYxPO4, and Sm1-xHoxPO4) using XANES [33] . It was shown in this study that the P K-edge XANES spectra provide a spectroscopic fingerprint for the monazite and xenotime structures because of the distinct change in spectral lineshape and absorption energy observed between the two structures [33] .
The effect of Au -ion-implantation on the structure of La1-xYbxPO4 is discussed in the current study. The La and Yb end-members crystallize in either the monoclinic monazite (x = 0) or tetragonal xenotime (x = 1) structure, respectively. At all other values of 'x', a mixture of both monazite and xenotime phases exist, which allows for an investigation of co-mineralized samples [33] . The Au -ions used in the study were implanted in the near-surface region of these materials which required the use of surface-sensitive glancing angle XANES (GA-XANES) and micro X-ray diffraction (µ-XRD) to investigate the effect of ion-implantation on the local and long range structure of these materials [34] . The extent of structural damage in La1-xYbxPO4 was studied as a function of depth by varying the X-ray angle of incidence during the GA-XANES experiments. This study has allowed for a detailed comparison of the response of the monazite and xenotime structure to ion-implantation. Although GA-XANES has been utilized in determining the structural stability of metal oxides (zirconolites and pyrochlores), no studies exist in the literature on the use of this technique to the investigation of the structural stability of rare-earth phosphates [31, 35] .
Experimental Section

Synthesis and Powder XRD
Rare-earth phosphates having the composition La1-xYbxPO4 (x = 0.0, 0.3, 0.7, 1.0) were synthesized by conventional solid state methods. Stoichiometric amounts of La2O3 (Alfa Aesar;
99.99%), Yb2O3 (Alfa Aesar; 99.99%), and NH4H2PO4 (Alfa Aesar; 99.995%) were ground and mixed using a mortar and pestle before placing the mixture in an alumina crucible. The crucible containing the mixture was initially heated to 900 °C in air for 1 day to promote the decomposition of NH4H2PO4 followed by quench cooling in air. The resulting mixture was ground, pressed into a pellet at a pressure of 6 MPa, and fired at 1100-1200 °C in air for 9 days before being quench cooled in air. The synthesis of La1-xYbxPO4 materials was carried out at 1100°C for the x = 0 material and 1200°C for all other materials (x = 0.3, 0.7, 1.0). All samples were ground and pelleted every 3 days of heating to ensure the homogeneity of the samples. The hardness of the materials was improved by pressing the materials into pellets at 8 MPa followed by annealing at 1100-1200 °C in air for 3-4 days prior to Au -ion implantation. The phase purity of the synthesized materials was determined by powder X-ray diffraction using a PANalytical
Empyrean system and a Cu Kα1,2 X-ray source. The powder XRD patterns of the La1-xYbxPO4
compounds were collected at room temperature in the 2θ range of 10-80° using a step size of 0.02°. The lattice parameters and the percent composition of these materials were determined using the HighScore Plus software program [37] . The sample plate was continuously rotated to avoid preferential orientation effects during data collection.
Ion Beam Implantation
Ion beam implantation experiments were carried out using the 1.7 MeV high-current
Tandetron accelerator located at Interface Science Western (ISW), the University of Western
Ontario. La1-xYbxPO4 (x = 0.0, 0.3, 0.7, 1.0) pellets were implanted with 2 MeV Au -ions to a dose of 1x10 14 , 5x10 14 , or 1x10 15 ions/cm 2 in order to simulate structural damage resulting from the decay of radioactive elements. The surface of the pellets was aligned normal to the incident Au -ion beam for ion implantation. The ion-implanted La1-xYbxPO4 samples were also annealed at temperatures lower than the synthesis temperature to examine if the structure of the material was able to recover. The annealing experiments were performed by heating the ion-implanted La1-xYbxPO4 materials to 300°C or 900°C in air for 3 days.
The ion beam implantation depth profiles of La1-xYbxPO4, and the corresponding number of vacancies generated per nanometer by the Au -ions, were calculated using the Stopping and Range of Ions in Matter (SRIM-2013) software package [38] . The calculations were performed using a total of 5000 Au -ions and the displacement energies of the target atoms La, Yb, and P were assumed to be 25 eV and the displacement energy of O was assumed to be 28 eV [38] . , respectively [39, 40] .
These calculations have shown that the ions implant to a depth ranging between 50 and 450 nm with the maximum number of implanted Au -ions being observed at ~275 nm (see Figure 2 and Figure S1 in supporting information). The maximum number of vacancies produced in the materials because of implantation by high-energy Au -ions is observed at a depth of ~200 nm below the surface (see Figure 2 and Figure S1 in supporting information).
The electronic and nuclear stopping powers of La1-xYbxPO4 materials were also calculated using the SRIM-2013 software package and are presented in Table 1 [38] . A higher electronic to nuclear stopping power (ENSP) ratio generally indicates a lower defect accumulation because of the greater delocalization of point defects [6, 41] . In La1-xYbxPO4, the La end-member (x = 0) adopting the monazite structure has a higher ENSP ratio than the Yb end-member (x = 1)
adopting the xenotime structure (Table 1 ). This would indicate that the defect accumulation in the monazite structure is lower in comparison to the xenotime structure [6, 41] .
Micro-X-ray diffraction (µ-XRD)
Micro-XRD was performed on the ion-implanted La1-xYbxPO4 (x = 0, 0.3, 0.7, 1) materials using a PANalytical Empyrean system and a Cu Kα1,2 source to understand the stability of these materials on the long-range scale. The size of the X-ray beam was reduced to 200 µm using a monocapillary collimator in order to selectively collect the diffraction patterns from the surface of the ion-implanted pellets. It should be noted that the collected diffractograms provide information on both the surface and bulk regions of the ion-implanted materials. The pellets were mounted on a goniometer that allows for translation of the sample in x, y, and z directions. The goniometer head allows for tilting the samples. Sample alignment was performed with the help of a microscope to position the X-ray beam on the surface of the pellets. The µ-XRD patterns were collected at room temperature in the 2θ range of 10°-60° using a step size of 0.02° and analyzed using the HighScore Plus software package [37] . It should be noted that this experimental set-up did not permit spinning of the sample during data collection and, therefore, preferential orientation effects could be observed in the µ-XRD patterns.
XANES
P K-and La L3-edge GA-XANES
P K-and La L3-edge GA-XANES spectra from ion-implanted La1-xYbxPO4 were collected using the Soft X-ray Microcharacterization Beamline (SXRMB; 06B1-1) located at the Canadian Light Source (CLS) [42] . The ion-implanted pellets were mounted on carbon tape before being placed in the vacuum chamber. The GA-XANES spectra were collected from the surface of the pellets by allowing the X-rays to hit the sample surface at an angle greater than the critical angle for total external reflection [43] . Since the attenuation depths of X-rays depend strongly on the angle between the X-ray beam and the sample surface, XANES spectra can be collected from different regions of the material by tuning the X-ray angle of incidence. The X-ray attenuation depths, and the corresponding glancing angles, for X-rays having energies equivalent to those of the P K-and La L3-edge were calculated using a web-based program and are presented in Table   2 [43].
The P K-and La L3-edge GA-XANES spectra from the ion-implanted materials were collected in partial fluorescent yield (PFY) mode and total electron yield (TEY) mode; however, the TEY signal suffered from charging effects. An attempt was made to reduce charging effects in the GA-XANES spectra collected in TEY mode by connecting the surface of the pellet to the electrically grounded Cu sample holder using Ag paint. Nevertheless, the TEY signal from the P K-edge spectra still exhibited signs of severe charging in this material. A moderate TEY signal was obtained for certain compositions in the case of the higher energy La L3-edge spectra. It should be noted that the PFY signals from white-line La L3-edge spectra were distorted by absorption effects so only the TEY spectra that were successfully collected were analyzed. P Kedge spectra were calibrated by collecting the spectrum from red P (Alfa Aesar; 99%) with the maximum in the first derivative of the P K-edge set to 2145.5 eV [44] . La L3-edge XANES spectra were calibrated using the spectrum from Cr metal by setting the maximum in the first derivative of the Cr K-edge to 5989 eV [43] . All XANES spectra were analyzed using the Athena software program [45] .
P L2,3-edge XANES
P L2,3-edge XANES spectra were also collected from the ion-implanted La1-xYbxPO4 materials using the Variable Line Spacing-Plane Grating Monochromator (VLS-PGM; 11ID-2) beamline located at the CLS [46] . The ion-implanted pellets were mounted on carbon tape and the spectra were measured in vacuum in total fluorescence yield (TFY) mode. These spectra
were not collected using a glancing angle geometry. The P L2,3-edge XANES spectra were calibrated using red P, with the P L2,3-edge absorption energy set to 130 eV.
Results and discussion
Bulk and micro X-ray diffraction
Bulk powder XRD patterns from the as-synthesized La1-xYbxPO4 (x = 0.0, 0.3, 0.7, and 1.0) materials are presented in Figure 3 along with the µ-XRD patterns from the Au -ionimplanted La1-xYbxPO4 materials (doses: 1x10 14 , 5x10 14 , and 1x10 15 ions/cm 2 ). The endmembers of the La1-xYbxPO4 series adopt the lower symmetry monazite (x = 0) structure or the higher symmetry xenotime (x = 1) structure, respectively [33] . It is to be noted that the powder XRD pattern of YbPO4 showed the presence of a minor amount of Yb2O3 (indicated by a diamond symbol in Figure 3b ) in addition to the predominant xenotime phase. However, the presence of this low concentration impurity does not impact the analysis of the XANES spectra.
At intermediate values of x (x = 0.3 and 0.7), the materials exist as a mixture of both the monazite and xenotime phases [33] . Information about the lattice constants and relative concentration of monazite and xenotime phases were obtained from the Rietveld refined powder XRD data from La1-xYbxPO4 (Table S1 in Supporting Information) [33] . It was assumed in this study that the composition of the monazite structure was LaPO4 while the composition of the xenotime structure was YbPO4 because of the poor solubility of Yb in the monazite structure (and vice versa for La in the xenotime structure) [9] . The general trend in the La1-xYbxPO4 series is that the relative concentration of the xenotime structure increases with greater Yb concentration (see Table S1 in the supporting information) [33] .
Powder patterns collected using the µ-XRD set-up from the ion-implanted materials allowed for a qualitative examination of how the long-range structure of these materials were affected by ion-implantation. In comparison to the powder XRD patterns from the as-synthesized materials, the µ-XRD patterns from the ion-implanted La1-xYbxPO4 materials exhibited broader diffraction peaks (Figure 3 ). This observation indicates that the structure of the materials were One of the 2θ peaks (marked with an asterisk symbol in Figure 3d ) in the µ-XRD pattern from La0.3Yb0.7PO4 that was implanted with ions to the highest dose (1x10 15 ions/cm 2 ) was observed to be more intense in comparison to the diffraction pattern from La0.3Yb0.7PO4 that was implanted to a lower dose. This observation may be attributed to preferential orientation effects (Figure 3d) . Examination of the µ-XRD pattern from YbPO4 that was implanted with ions at the highest dose (1x10 15 ions/cm 2 ) revealed the presence of an anomalous peak (marked with a dot symbol in Figure 3b ). This peak is not due to the xenotime structure or any of the unreacted starting materials and the underlying reason for the appearance of this peak is unknown.
P K-edge GA-XANES: Ion implanted La1-xYbxPO4
Normalized P K-edge XANES spectra that represent the transition of electrons from the P 1s state to P 3p conduction states were collected from the ion- The P K-edge GA-XANES spectra from ternary LaPO4 (monazite) implanted with Au -ions to a dose of 5x10 14 and 1x10 15 ions/cm 2 are presented in Figure 4 . A significant change in the spectral lineshape is observed as a result of ion-implantation and the glancing angle used to collect the spectra; however, no significant differences in the spectra were observed depending on ion dose. Relative to the spectra from as-synthesized LaPO4, the P K-edge spectra from the ion-implanted materials clearly exhibit a loss of both intensity and fine structure. The near-edge region of the spectra was broader as a result of ion-implantation, and it is proposed that this is due to a distortion of the PO4 coordination environment (Figures 4a and 4b ).
Normalized P K-edge GA-XANES spectra from ion-implanted YbPO4 (xenotime) are shown along with the spectrum from the as-synthesized material in Figure 5 . Unlike LaPO4, the structural response of YbPO4 towards the lowest (1x10 14 and 5x10 14 ions/cm 2 ) and highest ionimplantation doses (1x10 15 ions/cm 2 ) was found to be different ( Figure 5 ). The spectral lineshape of the sample that received the highest ion-implantation dose showed some resemblance to the lineshape of the spectrum from the as-synthesized material whereas the samples that were exposed to a lower dose did not (Figure 5c ). This observation is based on the presence of fine structure in the spectrum from YbPO4 exposed to the highest ion-implantation dose, which is similar but less intense than the fine structure observed in the spectrum from as-synthesized
YbPO4 (see arrow in Figure 5c ). The fine structure was observed only at the lowest glancing angles (23°-250 nm; 44.6°-450 nm; see Figure 5c ). Based on these observations, it is suggested that a high flux of Au -ions (i.e., 1x10 15 ions/cm 2 ) may induce partial recrystallization of the damaged xenotime (YbPO4) material. Although no sign of structural recovery was observed in the spectrum from LaPO4 implanted to a dose of 1x10 15 ions/cm 2 , the authors cannot completely rule out the possibility of partial recrystallization of the damaged monazite structure (Figure 4b ).
Unlike the spectrum from YbPO4 which adopts the xenotime structure, the XANES spectrum from as-synthesized LaPO4 is not structurally rich (i.e., less fine structure is observed), so minor changes in the spectrum depending on ion dose would be difficult to observe.
The partial self-healing of ion-implanted materials at room temperature could be explained using the "loading-unloading" effect [49, 50] . It has been reported previously that nanomaterials (e.g., MgGa2O4 and ZrO2) exhibit greater resistance to radiation-induced structural damage and theoretical studies have investigated the mechanism for the radiation-resistance of these materials [49] [50] [51] [52] . Radiation-induced structural damage can lead to the production of defects such as interstitial atoms and vacancies [49, 53] . The grain boundaries present in the material traps the interstitial atom and releases it when there are enough vacancies in the vicinity of the grain boundary [49, 50] . In this way, the vacancies are annihilated and the material is able to selfheal from the structural damage [49, 50] . The high dose of Au -ions (1x10 15 ions/cm 2 ) that were used to implant YbPO4 material may have also resulted in local heating of the sample with the accompanying rise in temperature providing enough energy for the movement of displaced atoms and the partial recovery of the structure [54, 55] .
P K-edge GA-XANES spectra were also collected from ion-implanted and as-synthesized quaternary La1-xYbxPO4 (x = 0.3 and 0.7) materials to understand the effect of heavy/light rareearth substitution on the structural stability of monazite/xenotime structures (Figures 6 and 7) .
The relative percent composition of monazite and xenotime phases in as-synthesized La0.7Yb0.3PO4 (Monazite -70%; Xenotime -30%) and La0.3Yb0.7PO4 (Monazite -25%;
Xenotime -76%) compounds were determined previously by Rietveld refinement of powder XRD data as well as from a linear combination fitting (LCF) of P K-edge XANES spectra [33] .
The P K-edge XANES spectrum from as-synthesized La0.3Yb0.7PO4 exhibited more fine structure in comparison to the spectrum from La0.7Yb0.3PO4 due to the higher concentration of the xenotime structure. After ion-implantation, La0.7Yb0.3PO4 and La0.3Yb0.7PO4 were structurally damaged as observed by changes in the spectral lineshape of the P K-edge spectra ( Figure 6 ).
Similar to LaPO4, the P K-edge of ion-implanted La0.7Yb0.3PO4 did not exhibit a varied structural response to different ion-implantation doses ( Figure 6 ). However, the results obtained for ionimplanted La0.3Yb0.7PO4 are similar to those obtained for ion-implanted YbPO4 (Figure 7 ). At the highest dose (1x10 15 ions/cm 2 ), the Yb-rich compound exhibited signs of partial structural recovery as indicated by the appearance of fine structure in the P K-edge spectra (see arrow in Figure 7c ). No signs of structural recovery were observed when La0.3Yb0.7PO4 was implanted to lower doses (1x10 14 and 5x10 14 ions/cm 2 ; Figures 7a and 7b ).
P K-edge GA-XANES: Thermal annealing of ion implanted La1-xYbxPO4
As described in Section 3.2, the La1-xYbxPO4 materials are not resistant to radiationinduced structural damage. Actinides, in general, produce high levels of heat during the radioactive decay process in addition to the production of high energy recoil daughter product nuclides and α-particles [14, 56] . However, depending on the composition of the crystalline wasteform, the heat released during the radioactive decay process could promote structural reorganization of the damaged material [57] .
P K-edge GA-XANES spectra were collected from the ion-implanted La1-xYbxPO4 (x = 0.0, 0.3, 0.7, 1.0) materials after annealing them to 300° or 900° C to study the heat-induced recovery process of these materials. (It should be noted that not all ion-implanted materials were implanted to the same dose before annealing.) The P K-edge XANES spectra collected from the annealed materials using the lowest glancing angles are shown in Figure 8 . The P K-edge GA-XANES spectra from ion-implanted LaPO4 before and after annealing to 300° or 900° C are shown in Figure 8a along with the spectrum from as-synthesized LaPO4. The annealed ionimplanted LaPO4 samples showed signs of partial structural recovery as indicated by the increase in intensity and decrease in width of the near-edge region in comparison to the spectrum from ion-implanted LaPO4. Although significant differences in the spectral lineshape were observed between the ion-implanted and annealed ion-implanted LaPO4 materials, no major differences in the spectra were observed between the two annealing temperatures (i.e., 300°C vs. 900°C).
The effect of temperature on the structural recovery of damaged YbPO4 was also studied using P K-edge GA-XANES (Figure 8b ). The spectrum from YbPO4 annealed at 300° C revealed only minor indications of structural recovery. However, the structure of YbPO4 was observed to recover to its original state after annealing the material to 900° C (see Figure 8b) .
The difference in behaviour between LaPO4 and YbPO4 may be attributed to the LaPO4 sample receiving a higher dose of ions as well as the different structures adopted by these materials. The P K-edge GA-XANES spectra from the La0.7Yb0.3PO4 and La0.3Yb0.7PO4 materials that were ionimplanted to the same dose (5x10 14 ions/cm 2 ) and then annealed also displayed signs of structural recovery (Figures 8c and 8d) . Had there been any surface segregation of phases in these quaternary compounds it would be expected that only one phase would recover from the structural damage. However, both the monazite and xenotime structures partially recover from the structural damage as indicated by the similarity of the spectral lineshape to that of the assynthesized material. The signs of recovery were more evident in the spectra from the ionimplanted materials annealed at the highest temperature (900°C); however, structural recovery was not complete. This conclusion is a result of the differences in the intensity of the P K-edge GA-XANES spectra between the as-synthesized and annealed ion-implanted materials (See Figures 8c and 8d ).
P L2,3-edge XANES
The normalized P L2,3-edge XANES spectra from ion-implanted La1-xYbxPO4 are shown in Figure 9 along with the spectra from the as-synthesized materials. The P L2,3-edge spectrum generally represents the transition of electrons from the P 2p state to P 3s and 3d conduction states [58] . In a previous study, the two distinct features observed in the P L2,3-edge spectra from as-synthesized La1-xYbxPO4 (A and B) were assigned to the transition of P 2p electrons into the overlapping P 3s and 3d states [33] . Similar to P K-edge GA-XANES spectra, the P L2,3-edge spectra were observed to be sensitive to changes in the local coordination environment of P as a result of ion-implantation. Relative to the as-synthesized materials, the lineshape of the spectra from the ion-implanted La1-xYbxPO4 (x = 0, 0.3, 0.7, 1.0) materials changed significantly (see Figure 9 ). The increased broadness of the spectra from the ion-implanted materials implies that the degeneracy of the P conduction states is lost as a result of ion-implantation.
The P L2,3-edge spectra from the ion-implanted La1-xYbxPO4 (x = 0.3 and 0.7) materials that were annealed at 300° and 900°C are shown in Figure 10 . The near-edge region in the P L2,3-edge spectra from the ion-implanted La1-xYbxPO4 (x = 0.3 and 0.7) materials becomes narrower with increasing annealing temperature, which is a result of the partial recovery of the structure of these materials. Considerable differences in the spectral lineshape were observed between the two annealing temperatures and it was observed that the spectral lineshape of ion-implanted La0.7Yb0.3PO4 and La0.3Yb0.7PO4 annealed at the highest temperature (900° C) closely resembled that of the as-synthesized material ( Figure 10 ). These observations are in agreement with those obtained by the examination of the P K-edge GA-XANES spectra from the annealed ionimplanted materials (See Section 3.3).
La L3-edge XANES
La L3-edge GA-XANES spectra were collected from the ion-implanted La1-xYbxPO4 materials to examine changes in the local coordination environment of La. The La L3-edge partial fluorescent yield (PFY) spectra were distorted because of severe absorption effects so the total electron yield (TEY) mode was the preferred method of detection [59, 60] . The TEY La L3-edge XANES spectra from the ion-implanted La0.7Yb0.3PO4 and La0.3Yb0.7PO4 materials are shown in Figure 11 along with the spectra from the as-synthesized materials. The white-line feature in the La L3-edge spectra represents a 2p à 5d excitation [61] . After ion-implantation, the intensity of the La L3-edge decreased relative to the as-synthesized material and the spectra became broader [61, 62] . This observation suggests a distortion of the La coordination environment in the ion-implanted materials (Figures 11a and 11b ) [61, 62] . Since the changes in the intensity of the La L3-edge between the as-synthesized and ion-implanted materials were observed to be minor, Yb L3-edge spectra were not collected from the ion-implanted materials as they would be expected to give similar information as the La L3-edge spectra.
Conclusion
The effect of Au -ion-implantation on the long-and short-range order of La1-xYbxPO4 materials was studied using µ-XRD and GA-XANES. The µ-XRD data revealed the loss of longrange order in the La1-xYbxPO4 materials that were implanted with 2 MeV Au -ions. The P K-, P L2,3-, and La L3-edge XANES spectra clearly showed that the La1-xYbxPO4 materials are susceptible to radiation-induced structural damage. The P K-and La L3-edge GA-XANES and P L2,3-edge XANES spectra were observed to be very sensitive to changes in the structure of these materials as a result of ion-implantation. The P K-edge GA-XANES spectra provided evidence for the occurrence of partial recrystallization of the structure of the La0.3Yb0.7PO4 and YbPO4 materials that were implanted to Au -ions to the highest dose (1 x 10 15 ions/cm 2 ). Annealing studies of the ion-implanted La1-xYbxPO4 materials have shown the ability of these materials to recover (either partially or completely depending on composition) from structural damage caused by the implantation of high-energy Au -ions. It was found in this study that the ability of ionimplanted rare-earth phosphates to recover from a damaged state is dependent on the ion-dose received and the temperature that these materials are exposed to post implantation.
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